Haderslev Dam is a 272 ha lake in southern Denmark with a high recreational value. For decades the lake has been severely eutrophicated due to excessive phosphorus loading. Major point sources were cut off in the early 1990s and an upstream wetland was recreated. However, the ecological quality remains unsatisfactory. In this study we estimate the importance of agriculture on diffuse phosphorus (P) input to the lake by modelling combined with independent estimates for contributions from scattered dwellings not connected to a sewer and from background losses.
INTRODUCTION
The European Union Water Framework Directive aims at protecting and enhancing the ecological quality of aquatic ecosystems. Member states are obliged to develop river basin management plans for each river basin. Consequently, water district managers need tools for identifying critical source areas within a catchment in order to target costeffective remedial measures. The P Index is a tool well suited for screening large areas because it operates with limited and generally available data. In Denmark a national, web-based P tool for mapping the risk of P loss is presently being developed and linked to mitigation planning. In this paper we present a pilot study with the tool applied to a local catchment.
METHODS AND MATERIALS
The pilot study was carried out on the 104 km 2 catchment area to Lake Haderslev Dam (272 ha) located in southern Denmark, Figure 1 . The lake possess a high recreational value. However, the lake has been severely eutrophicated for decades. Major point sources were cut off in 1990. A former wetland was recreated in 1994 in order to reduce the P loading to the lake. In spite of these efforts, the ecological quality of the lake is still unsatisfactory.
TP loading
The catchment is divided into twelve sub-catchments, Figure   1 . Stream water level was measured continuously and concentration of TP was measured monthly at stations in eight of the twelve catchments: 1990 -2005 for three catchments, 1990 -1997, 2003 for three catchments, 1995 -1998, 2003 for one catchment, and 1995 -1996, 2003 The model takes into account soil texture, land use, rainfall-runoff response via a hydrograph separation (Institute of Hydrology 1993) and the overall slope of the stream network within the catchment. Subsequently, independent estimates of contributions from unconnected scattered dwellings and background losses were made in order to isolate agricultural losses. The contribution from unconnected scattered dwellings was calculated based on municipal population data and information on degree of treatment (Hansen, personal communication) . Background losses were calculated by a method developed within the Danish Environmental Monitoring Programme (Bøgestrand 2006) : an annual mean value for background concentration of TP is multiplied with catchment discharge to yield annual background loss of TP. Annual mean estimates for background TP concentration are based on measurements of stream water TP concentration in catchments dominated by nature. Estimates for background concentration are given on a geological-regional level (9 geo-regions in Denmark).
Risk mapping
Risk areas for P losses from agricultural areas were mapped with the Danish P Index. This index is a modification of P indices developed in the USA during the last 15 years (Sharpley et al. 2003) . The Danish P Index differs from its predecessors by mapping each P loss pathway individually: erosion, surface runoff, leaching via the soil matrix and leaching via macro pores. Each P loss pathway is characterized by three factors: the P source, the risk of P mobilization from the source, and the risk of transportation of mobilized P to surface waters. Each of these factors is characterized by relatively easily available parameters which can be mapped nationwide, Table 1 . The Danish P Index classifies the mapped area into low, medium and high risk of P loss. The catchment to Lake Haderslev Dam was mapped at the field bloc scale (average size of a field bloc is 9 ha). Erosion and surface runoff, however, were mapped at the scale of the DEM (10 m grid). Information on crops, fertilizer and manure application was available per field bloc. Information on timing and method of application of fertilizer and manure was obtained from a representative questionnaire survey among Danish farmers (Grant et al. 2005) . Data on soil test P was not available for this study.
A value of 5 mg P (100 g soil) 21 (Olsen-P) was assumed for all fields. 
Effect of mitigation measures
A number of mitigation measures to abate diffuse P losses, including their effects and associated costs, have been described in a Danish context (Schou et al. 2007) . Each of the P loss pathways mapped by the Danish P Index was linked to a number of relevant mitigation measures, Table 2 .
For each P loss pathway a P loss potential was defined. This P loss potential is an estimate of the reduction in P loss that can be expected given that the risk classification as calculated by the Danish P Index is lowered from high to low by implementation of mitigation measures. The P loss potentials are tentatively determined as 3 kg P ha 21 yr 21 , 1 kg P ha 21 yr 21 , 0.5 kg P ha 21 yr 21 , and 1 kg P ha 21 yr 21 for respectively erosion, surface runoff, leaching via the soil matrix and leaching via macro pores. For each relevant combination of mitigation measure and P loss pathway the effect of the measure was determined as a percentage reduction of the P loss potential.
The measures described in Table 2 are all aiming at preventing P loss to surface waters. An additional measure which was considered in this study is extensification of stream valleys allowing temporary flooding. This measure aims at trapping P which has already been lost to surface waters. The effect of this measure is estimated to 10 -30 kg P ha 21 yr 21 (flooded area only) at a cost of 175 e ha 21 yr 21 (Schou et al. 2007 ).
RESULTS AND DISCUSSION

Source apportionment of TP loading
A statistical comparison of modeled diffuse TP losses to measured sub-catchment TP losses (total TP losses subtracted point source contributions) revealed a relative error of 2 23.5 and a Nash-Sutcliffe efficiency factor, R 2 , of 0.24.
The model is thus biased and overestimates TP losses relative to measured values. This was expected since the model is developed on data obtained by continuous sampling, whereas measured TP losses in this study were based on monthly sampling. It is well known that there is a high risk of underestimating TP transport by low-frequent sampling since most TP loss occurs in storm events (e.g. (Grant et al. 1996) ). The Nash-Sutcliffe factor value indicates that the model partly explains the observed variation, however with a large scatter. The modeled diffuse TP losses including contributions from unconnected scattered dwellings and background losses varied considerably between years and between the 12 sub-catchments. The lowest loss of 0.13 kg TP ha 21 yr 21 was calculated for a catchment with 56% agricultural land and 16% wet meadows and wetlands for a relatively dry year (2000).
The highest loss of 0.90 kg TP ha 21 yr 21 was calculated for a catchment with 85% agricultural land and 5% wet meadows and wetlands for a wet year (2002) . Table 3 shows Table 4 shows the sum of high risk areas distributed on P loss pathways. Most likely, the calculated risk area is over-estimated since a relatively high soil test P value of 5 mg P (100 g soil) 21 was used for all field blocs. Additionally, a riparian buffer zone width of 0 m was used for all streams although a 2 m buffer zone is mandatory along all streams with a quality objective (20,000 km streams out of a total stream length of 64,000 km in Denmark have a quality objective). A buffer width of 0 m was chosen, since actual riparian buffers do not appear on the maps used for calculating the P Index, and since no buffers are demanded along e.g. open ditches in and between fields. A total of 1,265 ha or 15% of the total agricultural area was classified as high risk area. 
Mapping of risk mapping
Mitigation measures
A GIS-analysis revealed only negligible overlap between mapped high risk areas distributed on individual P loss pathways. For all identified high risk areas the effect and the associated cost and thus the cost effectiveness of alternative mitigation measures (Table 2) were calculated, Table 5 .
Cost effectiveness, i.e. the amount of e required for reducing P loss to surface waters by 1 kg P, varies considerably from 6 -17 e (kg P) 21 to 6,600e (kg P) 21 . The most cost effective measure is extensification of stream valleys allowing temporary flooding. In this study it was assumed that 50 ha stream valley was suitable for flooding.
However, it should be stressed that this assumption should be verified by field visits. The low cost of this measure requires that temporary flooding can be achieved by simple means such as stop for stream maintenance. If flooding requires actual stream restoration the involved cost will be much higher. A similar reservation holds true for the identified high risk areas. The P Index is based on maps with a certain degree of accuracy and a number of important features were not available on maps, e.g.
individual crops, existing buffer zones, and measured soil test P values.
From Table 5 it appears that by applying the most effective measure on all identified high risk areas for each individual P loss pathway the agricultural P loss to Lake Haderslev Dam can be reduced ca. 1,100 kg P. Additionally 500-1,500 kg P already present in stream water can be removed by flooding of stream valleys before entering the lake. Thus 36% -59% of the total input of ca. 4,400 kg P to the lake (Table 3) can be reduced by the measures considered in this study.
In the process of developing a river basin management plan the regional environmental authorities have to decide the P reduction needed for the lake to comply with the Water Framework Directive. The quantification of a P reduction target will be based on studies of the lake ecology and taking into account internal P loading (i.e. P release from lake bottom sediments). In the subsequent process of achieving the reduction target the environmental authorities will use the results of the present study.
CONCLUSIONS
The total TP input to Lake Haderslev Dam was assessed by a combination of modeling and independent estimates for The newly developed Danish P Index and a coupling between the index and a range of mitigation measures were demonstrated on the catchment to the lake. High risk areas were mapped for four individual P loss pathways: erosion, surface runoff, leaching via the soil matrix and leaching via macro pores. In total 15% of the agricultural area was classified as high risk for P loss to surface waters. It was rendered probable that by applying the most effective measure on all identified high risk areas for each individual P loss pathway the agricultural P loss can be reduced by 1,100 kg P. Additionally 500 -1500 kg P already present in stream water can be removed by flooding of stream valleys with stream water before entering the lake. Thus 36% -59% of the total input to the lake can be reduced by the measures considered in this pilot study.
